입지환경에 따른 생장과 수분이용효율 비교
I. INTRODUCTION
Pinus densiflora Sieb. & Zucc. is one of the most economically and culturally important species in Korea with a wide range of distribution. It has well adapted to different soil types and environmental conditions up to 1,000m above sea level throughout the Korean peninsula. The natural forest of P. densiflora covers about 1.5 million ha of Korean forest region (Korea Forest Service, 2008) . Recently, some populations of P. densiflora in Southern part of Korea have shown forest decline due to severe water deficit under high temperature and little precipitation in winter season. However P. densiflora has been known to have drought tolerance (or avoidance) mechanism (Lee, 2011) . The drought tolerance may be partly explained by high water use efficiency which has shown wide variation among different species and within species.
Intercellular CO 2 concentration is reduced by stomatal closure in response to drought stress (Schulze, 1986; Grant et al., 2006) , and thus CO 2 concentration at the site of carboxylation in the chloroplasts is also reduced (Evans and von Caemmerer, 1996; Warren, 2006) . Under this water-stressed condition,
12
C is depleted faster than under normal condition, which results in increased partial pressure of 13 C. Consequently, carbon isotope signature of newly formed photosynthates could be increased (Brugnoli et al., 1988; Farquhar et al., 1989) , and reflects the balance between stomatal conductance and photosynthetic rate, i.e. water use efficiency, which is related to water potential (Damesin et al., 1998; Warren et al., 2001) , humidity (Saurer and Siegenthaler, 1989) , and precipitation (Schulze et al., 1998; Korol et al., 1999; Warren et al., 2001) .
Carbon isotope composition (δ 13 C) and tree growth are often negatively or positively correlated. Some species show greater δ
13
C indicating greater water use efficiency, with the correlation being negative due to reduced growth (McNulty and Swank, 1995; Pita et al., 2001) . In contrast, some conifer species show a positive correlation between growth and δ 13 C (Johnsen et al., 1999; Xu et al., 2000; Brendel et al., 2002) . Reduced stomatal conductance caused by drought stress makes negative correlation (Osorio and Pereira, 1994; Pita et al., 2001) , whereas changes in carboxylation efficiency makes positive correlation (Johnsen and Major, 1995; Johnsen et al., 1999; Xu et al., 2000) . Genetic variation in δ
C is common and has been reported in many species (Zhang and Marshall, 1995; Prasolova et al., 2001) . Some studies have advocated that δ 13 C can be the selection criterion for productivity under drought stress (Bond and Stock, 1990; Xu et al., 2000; Codon et al., 2004) . Low interaction between genotype and environment for δ 13 C and high narrow-sense heritability for δ 13 C suggest that there is good potential for genetic gain for WUE via selections (Rajabi et al., 2008) .
In Korea, the breeding program for P. densiflora was initiated in 1959. Plus-trees have been selected through the natural range of the species and tested by means of open-pollinated progeny tests (Oh et al., 2009) . Up to now the main objective of breeding program was increase in volume growth. Our group has reported just physiological differences between superior and inferior families, but at that time we could not confirm the factors causing the differences between families (Oh et al., 2008) . To cope with presupposed climate change and drought stress, progeny test should be concerned with physiological responses to drought stress to improve breeding efficiency. This study was conducted to investigate the relationship of growth and water use efficiency between superior and inferior families from open-pollinated progenies of P. densiflora under different environmental conditions.
II. MATERIALS AND METHODS

Data collection and plant materials
Two progeny test sites for P. densiflora were used in this study. They were established in 1981 and located in Chuncheon city of Gangwon province and Naju city of Jeonnam province. Temperature and precipitation data were collected from the nearest weather station records for each site; Chuncheon Weather Station for Chuncheon, and Gwangju Weather Station for Naju. The data of three-year average annual temperature and monthly precipitation ( Fig. 1 ) were calculated and soil data by Han et al. (2007) were used (Table 1) .
Among the 232 open-pollinated progenies two extreme families were selected based on growth performance at 26 years. The CB2 representing superior family ranked number one, while the KW19 representing inferior family ranked number 212 among 232 progenies based on genetic combining ability (Oh et al., 2009) . In November 2007, three individuals from each progeny were selected and sampled for stem disks at 0.2 m, 1.2 m height from the ground and every 2 m from 1.2 height. Ring width was measured to a precision of 0.01 mm and the wood samples for 3-year bands during the 1982-2008 period. We used computer program (SNASYS, ver. 2.0) to calculate the annual volume increment.
Analytical procedures
After measuring the ring width, the disks taken 1.2 meter in height were selected to collect a series of 3-year bands from newly formed secondary xylem and grounded to powder for carbon isotope ratio analyses. Carbon isotope ratios were determined using a continuous-flow stable isotope ratio mass spectrometer (IsoPrime-EA, Micromass, UK). Carbon isotope composition was calculated by:
( 1) where, R is the ratio of 13 C/ 12 C, and the standard was the Pee Dee Belemnite (PDB).
The intrinsic water-use efficiency (WUE) quantifies the amount of carbon assimilated per unit leaf area per unit time at per unit cost of water. This is defined by the ratio of CO 2 assimilation rate (A) to stomatal conductance for water vapor (g w ) (Korol et al., 1999; Saurer et al., 2004) .
where, C a and C i are the CO 2 concentration in the atmosphere and the leaf intercellular space, respectively. The C i can be calculated from wood δ 13 C (δ 13 C w ), atmospheric δ 13 C (δ 13 C a ) and C a by using eq. (3) (Farquhar et al., 1982; Farquhar et al., 1989; Korol et al., 1999) .
The δ
13
C a and C a are obtained from the regression curves by Feng (1998). 
where, t is time in years and middle year of each collected 3-year bands were used. To statistical analysis, the t-test was used to compare differences between families in each site. Fig. 2 shows annual volume increment in the two families in two sites. The superior family, CB2, showed higher volume increment than the inferior family, KW19, in both sites. The growth curve showed a sigmoid shape typical of young pine stands. Statistically significant difference in increment between the two families was initiated in the year of 2000 in Chuncheon site, but in Naju site it was initiated in the year of 1985.
III. RESULTS AND DISCUSSION
Annual volume increment
As shown in Table 1 , soil of Chuncheon site showed better physical and chemical properties than Naju site for tree growth. According to the results of Han et al. (2007) there were higher values of organic matters, total nitrogen, and available phosphorus in Chuncheon site than in Naju site. These differences in soil fertility between the two sites may explain the growth difference between the two sites and first recognition period of significant growth differences. Within each site superior family (CB2) grew better than inferior family (KW19) indicating the differences of genetic origin.
As shown in Fig. 1 , the three-year term annual mean temperature of Chuncheon and Naju sites represented about 19 and 21 o C, respectively. On the other hand, three-year term monthly mean precipitation fluctuated during the observation period of 26 years. There were severe drought periods in the early 1980s and in the middle of 1990s especially in Naju site. Therefore, these drought conditions may distinguish the growth potential differences between families in each site. Fig. 3 shows changes in the carbon isotope composition during the last 20 years . There was a continuously decreasing δ 13 C pattern over time in Chuncheon site. This pattern may be primarily related to the increased emission of anthropogenic CO 2 which has relatively depleted 13 C in the atmosphere by green plants (Bert et al., 1997; February and Stock, 1999) . On the other hand Naju site showed an increasing trend up to the middle of 1990s and a decreasing pattern thereafter.
Carbon isotope composition and water use efficiency
The differences in environmental conditions between Chuncheon and Naju sites were both soil conditions and climatic factors. Korol et al.(1999) reported that soil fertility did not affect any variations in δ 13 C, while carbon isotope composition is subject to change with level of water stress. Thus the variation of δ 13 C in Naju site was caused by varying precipitation. In Naju site there was merely less than 80 mm monthly precipitation during 1994-1996, which was almost half of other periods (Fig. 1) . Therefore tree growth could be affected by severe drought stress in that period in Naju. As shown in Fig. 3 and Table 2 , the inferior family (KW19) showed higher δ 13 C in the Naju site under the unfavorable weather condition, such as higher air temperature combined with low precipitation, in the middle of 1990s. Fig. 4 shows water use efficiency (WUE) of superior and inferior families in the two sites. As shown in Table 3 , in Chucheon site there was no difference in WUE between the two families. On the other hand the superior CB2 in Naju site showed higher WUE value than that of inferior KW19 during 1994 KW19 during -1996 , which was an opposite trend compared with lower carbon isotope composition of CB2 in Fig.  3 . The pattern of the variation in WUE showed the same pattern as the variation of δ 13 C as reported earlier (Farquhar et al., 1989 : Meinzer et al., 1990 . Thus in this study P. densiflora improved water-use efficiency by control of stomatal conductance under drought stress, which was similar to the result of Yordanov et al. (2000) .
Even though precipitation in Chuncheon site with high soil fertility during the two periods of 1991-1993 and 2000-2002 was much lower than other periods, there was no difference in WUE and δ
13
C between the two families. It suggested that soil fertility might influence differential response of the two families to δ 13 C and WUE. This is supported by Kleiner et al.(1992) who reported that drought tolerance was generally increased by increased soil fertility. This study indicates that we cannot select drought tolerant individuals based on WUE and δ
C under high soil fertility environment.
P. densiflora is a pioneer species with low nutrient requirement. Thus it can endure such unfavorable soil conditions. The result of this study showed that the superior family in growth showed low δ 13 C and high WUE in unfavorable conditions. Consequently knowledge on carbon isotope composition could be applied 1988-1990 1991-1993 1994-1996 1997-1999 1988-1990 1991-1993 1994-1996 1997-1999 to selection of drought tolerance cultivars for afforestation on burned sites by forest fire. And also it could be applied to cope with global warming which brings in weak adaptation of pines to winter desiccation with low rainfall. Pines are introduced to burned sites where soil is usually dry due to lack of an organic layer and hydrophobic nature of burned soil and where high water use efficiency is directly related to successful afforestation as suggested by Archibald(1995) . For this purpose we could select drought tolerant individuals such as the superior family in our study that has high water use efficiency under poor soil condition and high level of water stress IV. 적 요 
